D-Arabinose-5-phosphate and D-sedoheptulose-7-phosphate were found to be substrates, although not inducers, of the hexose phosphate transport system of Salmonella typhimurium. Transport of these two sugar phosphates by wild-type strains required preinduction of the hexose phosphate transport system. A mutant of S. typhimurium constitutive for this system also transported D-arabinose-5-phosphate and D-sedoheptulose-7-phosphate in a constitutive fashion. Glucose-6-phosphate was a potent competitor bacteria, respectively. D-Ribulose-5-phosphate and D-xylulose-5-phosphate did not inhibit transport of the above substrates, whereas D-ribose-5-phosphate was a weak inhibitor of D-sedoheptulose-7-phosphate transport.
The existence of an inducible system for the transport of hexose phosphates (uhp, utilization of hexose phosphates) in Escherichia coli has been demonstrated by Pogell et al. (13) , , and Winkler (18) (19) (20) . The hexose phosphate transport system has been shown to be responsible for the transport of a number of hexose phosphates without apparent alteration of the molecules during transport. The following have been identified as substrates of this system in E. coli: glucose-6-phosphate (Glc-6-P; 13, 18) , fructose-6-P (Fru-6-P; 13, 18), mannose-6-P (Man-6-P; 18), 2-deoxy-Glc-6-P (13) , glucose-i-P (4, 13) , and fructose-i-P (6, 13) . Regardless of this broad specificity, a great variety of sugars, sugar phosphates, and their analogues are not substrates of the hexose phosphate transport system. Examples of these are: L-a-glycerol-P, fructose-1, 6-di-P, glucose, glucose-6-sulfate (13); galactose-6-P, a-methylglucoside, and a-methylglucoside-P (18) ; and sorbitol-6-P (8) . The system is induced by growth on Glc-6-P (7, 13, 18) , although Fru-6-P and Man-6-P act as indirect inducers in strains which can convert these compounds to Glc-6-P (8, 19) . uhp-negative and uhp-constitutive mu- tants of E. coli have been isolated by several laboratories by utilizing a variety of selection techniques (4, 6, (9) (10) (11) .
In the course of our studies on the biosynthesis of the lipopolysaccharide (LPS) of Salmonella typhimurium, we encountered several interesting observations related to the hexose phosphate transport system which prompted this investigation. During studies on the biosynthesis of the lipid A moiety of LPS, a mutant was sought which was dependent on Darabinose-5-P (Ara-5-P), an obligatory precursor of 2-keto-3-deoxyoctonate (14) . The isolation of this mutant was dependent on the ability of exogenous Ara-5-P to enter the cell, and it was found that Ara-5-P (an analogue of D-fructofuranose-6-P) is a substrate of the hexose phosphate transport system. In other studies on the biosynthesis of L-glycero-D-mannoheptose, a transketolase-negative mutant defective in the biosynthesis of D-sedoheptulose-7-P (Sed-7-P) was shown to produce an incomplete heptosedeficient LPS (5) . Phenotypic repair of the defect in LPS synthesis was obtained by addition of exogenous Sed-7-P, a precursor of heptosyl residues, to growing cultures of the mutant. The phenotypic repair of this defect was abolished by chloramphenicol (CAP), suggesting the possible induction of a Sed-7-P permease (5) . Subsequent experiments showed that induction of [4C ]Sed-7-P uptake was actually dependent on the presence of Glc-6-P and Fru-6-P which contaminate commercial Sed-7-P preparations. Moreover, cells pregrown in the presence of Glc-6-P were found to transport [14C]Sed-7-P in the presence of CAP. These results suggested that Sed-7-P, which is also an analogue of D-fructofuranose-6-P, might be transported by the inducible hexose phosphate transport system.
We wish to report that S. typhimurium possesses an inducible hexose phosphate transport system similar to that found in E. coli and that D-Ara-5-P and D-Sed-7-P are substrates, but not inducers, of this transport system. DRibose-5-P, D-ribulose-5-P, and D-xylulose-5-P are not effective substrates of this transport system.
MATERIALS AND METHODS
Bacterial strains. S. typhimurium PR-1 was derived from SA722 (16) and has the following genotype: HfrK10, ade-, thi-, galEf, and phosphotransferase negative (pts-). The uridine diphosphate-galactose-4-epimerase mutation (galE) was introduced by transduction with phage P22 from strain G30 (12) . S. typhimurium PRX (14) is a hexose-phosphate transport (uhp) constitutive strain derived from PR-1 by selection for growth on Glc-1-P as described by Dietz and Heppel (4) .
Chemicals. Glc-6-P, Sed-7-P, ribose-5-P, Dribulose-5-P (71% pure), and D-xylulose-5-P (90% pure) were purchased from Sigma Chemical Co.
[14C ]Glc-6-P was purchased from New England Nuclear Corp. Ara-5-P and [IH JAra-5-P were synthesized from glucosamine-6-P and [3H klucosamine-6-P (14, 17) . ["C ]Sed-7-P (>99% radiochemically pure) was synthesized enzymatically and assayed as described elsewhere (L. Eidels and M. J. Osborn, J. Biol. Chem., submitted for publication). Nonradioactive Sed-7-P (Sigma Chemical Co.) which contains 2 to 3% Glc-6-P and 0.5-1% Fru-6-P was purified free from hexose phosphates by quantitatively converting these to 6-phosphogluconic acid with phosphohexose isomerase and Glc-6-P dehydrogenase (L. Eidels Growth conditions and measurements of transport. Cultures were grown at 37 C with vigorous aeration in proteose peptone-beef extract broth (15) containing 0.05 volumes of a 10-fold-concentrated solution of M9 salts (1) . Transport studies were carried out as follows. Cultures of strain PR-1 were grown to a cell density of 3 x 108 ml, and nonradioactive Glc-6-P or another sugar phosphate was added, where indicated, to a final concentration of 0.2 mM. No sugar phosphate was added at this point to cultures serving as uninduced controls. Growth was continued to a cell density of 5 x 108/ml, and the cultures were then centrifuged at 25 C, washed once with fresh medium containing 50 Mg of CAP per ml, and resuspended to the same density in fresh medium containing 50 Mg of CAP per ml. Strain PRX was grown and harvested in the same way except that no inducer was added to the medium. Cultures (5 to 10 ml) were incubated for 5 min at 37 C with shaking, and radioactive substrates (specific activities of 5 x 10' to 6 x 10' counts per min per Mmol) were added to a final concentration of 0.2 mM unless stated otherwise. At timed intervals, 1-ml volumes were rapidly removed and added to the well of a filter apparatus containing 10 ml of warm medium (37 C) and a nitrocellulose filter disk (0.45 um, Matheson Higgins Co., Inc.). The cells were rapidly collected by suction filtration and washed on the filter twice with 5-ml portions of warm medium (37 C). The filter disks were dried and counted in toluene-Liquifluor (New England Nuclear Corp.) in a Beckman LS-230 scintillation counter. Specific activities of the substrates were determined on dried filters containing 5 x 10' cells.
The data are presented as nanomoles of substrate transported per milliliter of culture (i.e., 5 x 10' cells). Values were not corrected for nonspecific adsorption of radioactivity by cells since uptake values obtained with uninduced cultures of strain PR-1 were only about 20 counts/min above background. In all competition experiments, the nonradioactive competitor was added simultaneously with the radioactive substrate at zero time. The initial rates of Glc-6-P and Ara-5-P transport were determined from linear plots of nanomoles of substrate transported per milliliter of culture versus time, where the earliest sampling time was 20 s after the addition of substrate. The initial rate of Sed-7-P transport was determined in a similar manner, except that the earliest sampling time was 2 min. In all cases, the fraction of substrate taken up during the time period examined for the initial rate studies was less than 1%.
RESULTS
Transport of Glc-6-P, Ara-5-P, and Sed-7-P by a uhp inducible strain. The transport of Glc-6-P by strain PR-1 was dependent on prior induction of the hexose phosphate transport system (Fig. 1A) . The transport of radioactive Ara-5-P by uninduced cells of strain PR-1 was very low; however, when strain PR-1 was grown in the presence of 0.2 mM Glc-6-P, these cells subsequently transported train PRX without prior growth of the cells on Glc-6-P (Fig. 2) . Similar results were obtained E~~~~~~~~~~~with Fru-6-P (data not shown). This strain also ii~~~~~~~~~~~t ransported Ara-5-P and Sed-7-P in a constitu-E 10-~~~~~~~~~~~tive fashion (Fig. 2) . The initial rate of transport 'S~~~~~~~~~~o f Ara-5-P was as high as that observed for W~~~~~~~~~~~~G lc-6-P, although the extent of apparent intracellular accumulation was somewhat lower for D~~~~~~~~~~~Ara-5-P than for Glc-6-P. The higher apparent Q accumulation of Glc-6-P is probably due to its Tim (minutes) 10 15 rapid metabolism as compared to that of 88
Ara-5-P. 20 2 or absence (V) of Glc-6-P (0.2 mM).
Time (hrs) a rate, and to an extent, comparable to that of E0
Glc-6-P (Fig. 1A) . The transport of radioactive Sed-7-P by unin-% duced cultures of PR-i was negligible; however, growth in the presence of Glc-6-P (0.2 mM) induced a Sed-7-P transport system. Both theA rate and extent of Sed-7-P transport by induced A e 7P cells were lower than that observed for Glc-6-P reflect the dephosphorylation of Glc-6-P to free glucose and subsequent transport of the free sugar into the cell. The results described above strongly suggested that both Ara-5-P and Sed-7-P were transported by the hexose phosphate transport system. However, the possibility was considered that these two sugars might be dephosphorylated prior to entry into the cells. Uptake of radioactive arabinose and sedoheptulose by cultures of strain PRX was found to be negligible when compared to the extent of transport of the corresponding phosphorylated sugars (Table 1) . These results argue against dephosphorylation followed by transport of the free sugar. Kinetic parameters. The initial rates of transport of Glc-6-P, Ara-5-P, and Sed-7-P at various concentrations of each of the above sugar phosphates were determined with strain PRX. Apparent Km and Vmax values were obtained from S/v versus S plots ( Table 2 ). The apparent Km values for Ara-5-P and Sed-7-P were about 2.5-fold and 12-fold higher than that obtained for Glc-6-P. The apparent Vmax of Ara-5-P transport was actually twofold greater than that of Glc-6-P, whereas the corresponding value for Sed-7-P was about half that of Glc-6-P.
Competition studies. The above results suggested that Glc-6-P, Ara-5-P, and Sed-7-P shared the same transport system. Thus, experiments were conducted to determine whether transport of the above sugar phosphates could be inhibited by one another. Glc-6-P was a potent inhibitor of the transport of both
[3H]Ara-5-P and ["4C ]Sed-7-P (Table 3) . Ara-5-P also effectively inhibited the transport of both [14C]Glc-6-P and [14C]Sed-7-P. Sed-7-P, at a concentration of 2 mM, had no effect on the transport of either ['HJAra-5-P (0.2 mM) or ["IC]Glc-6-P (0.2 mM).
Other pentose phosphates were investigated as competitors of transport of Glc-6-P, Ara-5-P, and Sed-7-P (Table 4) . Neither ribulose-5-P nor xylulose-5-P inhibited the transport of any of the above sugar phosphates. Ribose-5-P (2 mM) did not inhibit the transport of either ["CJ]Glc-6-P or ['I JAra-5-P, but appeared to be a weak inhibitor of the transport of [14C Sed-7-P. Specificity of induction. It has been established that Glc-6-P induces the E. coli hexose phosphate transport system (7, 13, 18) , although Fru-6-P and Man-6-P are also capable of inducing this system after their conversion to Glc-6-P (8, 19) . Since Ara-5-P and Sed-7-P were found to be substrates of the hexose phosphate transport system, we examined the ability of these compounds and another pentose phosphate, ribose-5-P, to serve as inducers of this system in strain PR-1. Previous results employing commercial samples of Sed-7-P as inducer suggested that this sugar phosphate induced its own transport system (5). We subsequently found that the induction of ["4C ]Sed-7-P uptake by commercial Sed-7-P preparations was due to rates were determined from 20-s uptakes with Glc-6-P and Ara-5-P and from 2-min uptakes with Sed-7-P. b Nanomoles of substrate transported per minute per milliliter of culture (1 ml = 5 x 108 cells). contamination by Glc-6-P and Fru-6-P, since Sed-7-P samples which were purified free of hexose phosphate were no longer able to induce. In the present investigation only hexose phosphate-free Sed-7-P was employed (see above). Table 5 shows the results obtained when the above-mentioned sugar phosphates were tested as inducers. Growth of strain PR-1 in the presence of Ara-5-P, ribose-5-P, or Sed-7-P did not induce the transport of Glc-6-P, Ara-5-P, or Sed-7-P. We thus conclude that, although Ara-5-P and Sed-7-P are substrates of the hexose phosphate transport system, they are not inducers of this system nor are they inducers of specific systems which mediate their own transport.
DISCUSSION
The results presented here demonstrate that S. typhimurium possesses an inducible hexose phosphate transport system similar to that described for E. coli (3, 13, 18) and that Ara-5-P and Sed-7-P are substrates (although not inducers) of this transport system. Several lines of evidence support this conclusion. An inducible strain (PR-1) does not transport Ara-5-P or Sed-7-P unless the cells have been pregrown in the presence of the inducer of the hexose phosphate transport system, Glc-6-P. A constitutive strain (PRX), selected for its ability to grow on Glc-1-P (a substrate but not an inducer of the hexose phosphate transport system) (4), also transports Ara-5-P and Sed-7-P in a constitutive fashion. These sugar Sedoheptulose-7-P None 100 100
Ribose-5-P 81 79
Ribulose-5-P 108 107
Xylulose-5-P 102 97
aStrain PRX was utilized in these studies. The nonradioactive competitor was added simultaneously with the radioactive substrate at zero time. phosphates are transported without prior dephosphorylation since the corresponding free sugars are not transported by this strain. Furthermore, competition experiments showed that Glc-6-P effectively competes for the transport of Ara-5-P and Sed-7-P. In addition, Ara-5-P was found to be an effective competitor for the transport of Glc-6-P and Sed-7-P. However, Sed-7-P, under the conditions tested, did not compete for transport of either Ara-5-P or Glc-6-P. The inability of Sed-7-P to serve as an effective competitor is probably due to the much lower affinity of the transport system for Sed-7-P than for Ara-5-P and Glc-6-P (Km values of 1.61, 0.32, and 0.13, mM, respectively). Thus, there exists a good correlation between the effectiveness of a particular sugar phosphate as a competitor for the transport of substrates of the hexose phosphate transport system and the affinity of the transport system for the sugar phosphate. D-Ara-5-P and D-Sed-7-P are structurally similar to D-fructofuranose-6-P (Fig. 3) , a property which might be responsible for their recognition by the hexose phosphate transport system. Ribulose-5-P and xylulose-5-P cannot form the furanose ring structure and are not competitors for the transport of substrates of this system. Ribose-5-P, which can form the furanose ring, differs stereochemically from Ara-5-P at C2. This pentose phosphate was found to be a weak competitor for Sed-7-P transport, but its
